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ABSTRACT

During the licensing process for nuclear fuel facilities, committed
dose egquivalents must be calculated for potential exposures to people im
the area around these facilities. These committed dose equivalents are
usually calculated from tabulated dose—conversion factors that convert
the quantity of radicactive material potentially taken in by individuals
through ingestion or inmhalation. For calculating committed‘dose equiva—
~lents to children, the Nuclear Regulatory Commission has in the past
appealed to age-specific dose—conversion factors listed in NUREG-0172
(1977), which is based on a computational methodology found in ICRP
Publication 2 (1959). Since the publication of NUREG-0172 new models
and new concepts of risk have been provided in ICRP Publications 26 and
30 (1977,1979). These documents provide a detailed methodology for
calculating dose—conversion factors for the various radiomuclides for
an adult reference man. The report NUREG/CR-0150 (1981) ﬁrovides dose-
conversion factors for an adult based on ICRP Publications 26 and 30
but does not provide dose—conversion factors for children. In this
report are tabulated age—specific dose—~comversion factors, given as
multiples of the adult values, for inhalation or ingestiom of each of
the following isotopes: U-234, U-235, U-238, Th-228, Th-230, Th-232,
Ra-226, Ra-228, Pb-210, or Po-210. Our methodology is consistent as
far as practical with that of ICRP Publicatioms 26 and 30, but we have
modified and extended the ICRP methodology as mnecessary to include age
dependence and to include metabolic and dosimetric information that

has been developed since the issuance of these ICRP documents.
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CHAPTER I. INTRODUCTION

PURPOSE AND SCOPE

During the licensing process for nuclear fuel facilities, committed
dose equivalents must be calculated for potential exposures to people in
the area around these facilities. These committed dose eqnivalentsvére
usually calculated from tabulated dose—conversion factors that convert
the quantity of radiocactive material potentially takem in by individuals
through ingestion or inhalation., Since potentially exposed populations
could include persons of all ages, it is important that the tabulated
dose—conversion factors account for known or expected differences with
age in doses from a unit intake. These age—specific dose conversion
factors can then be applied to a variety of real or hypothetical expo-—
sures by assigning age—dependent intakes that are tailored to specific
exposures. '

In the past the U. S, Nuclear Regnlatory Commission (NRC) has
appealed to age—specific dose-conversion factors listed in NUREG-0172,%*
which is based on a computational methodology found in Publication 2 of
the International Commission on Radiological Protection (ICRP).? Since
the publication of NUREG-0172 nev models and new concepts of risk have
been provided in ICRP Publication 26 (1977)% and ICRP Publication 30
(1979) .4 These documents provide a detailed methodology for calculating
dose—conversion factors for the various radionuclides for an adult
reference man. The report NUREG/CR-0150% of the NRC provides dose-
conversion factors for an adult based on ICRP Publications 26 and 30 but
does not provide age—specific dose~conversion factors. Up—to-date age-
specific dose—conversion factors covering the major radionuclides
released from nnclear fuel facilities are needed to allow more realistic
evaluation of the hazards of potential effluent releases from these
facilities. |

The purpose of this study is to develop a set of relative age-—
specific dose-conversion factors for imhalatiom or ingestion of each of
the following isotopes: U-234, U-235, U-238, Th-228, Th-230, Th-232,
Ra-226, Ra-228, Pb-210, or Po-210. By ‘relative’ factors we mean that
the dose—~conversion factors derived in this report for nomadults are

presented only as a multiple of the adult value, which is taken to be

uaity.
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The tabulation of relative rather than absolute conversion factors
is based on the following consideratiomns. Although our methodology is
consistent as far as practical with that of ICRP 26 and ICRP 30, it was
necessary to modify and extend the ICRP methodology to include age
dependence and to include metabolic and dosimetric informatiom that has
been developed since the issuance of these ICRP documents. The modified
methodology is sufficiently different from the ICRP methodology that the
new values derived for the adult are seldom if ever identical to those
given in NUREG/CR-0150, for example. Moreover, we are oftem more confi-
dent of our knowledge of the general trend with age than in the absolute
values at any stage of life (including adult) for some of the age—
specific parameter values used in our models (for example, gastrointes-
tinal absorption fractions and bone remodeling rates). We believe that
the tabmlation of relative rather than absolute values will allow the
user to begin to consider the variation with age in committed dose
equivalents that will occur in a given exposure situation, while still
applying the basic guidance for adults - recommended by the ICRP.

Relative dose conversion factors are developed for exposure as an
infant (birth to one year of age), a child (1-11 years), a teenager
(11-17 years), or an adult (over 17 years). The relative dose-
conversion factors for each age group are based on a total intake of one
unit of activity (for example, one becquerel or one microcurie) of a
given radicnuclide, with the intake being uniform over a period of omne
year. Applications of these values should include consideration of
variation with age in radionuclide intake, which may depend on the expo-
sure scemnario.

The relative dose comnversion factors are calculated using a com—
puter code called AGEDOS® that calculates dose rates and committed dose
equivalents for acute unit intakes at ages 0, 100, 365, 1825, 3650,
5475, and 7300 days (0, 0.3, 1, 5, 19, 15, and 20 years). The 50-year
committed dose equivalents dme to a unit intake over a ome—year period
as an infant are approximated as an average of 50-year committed dose
equivalents due to acute unit intakes at ages 0 and 365 days; those for
a child are approximated as 50-year committed dose equivalents due to an

acute unit intake at age 1825 days (5 years); those for a teemager are



approximated using an acute unit intake at age 5475 days (15 years); and
those for an adult are approximated using an acute unit intake at age
7300 days (20 years). More involved approximation methods do not appear
to be warranted at this stage of development of age-specific metabolic

models.
CURRENT APPROACHES TO AGE-SPECIFIC DOSIMETRIC MODELING

The internal dosimetric models recommended in ICRP Publication 30
were designed and intended for interpreting occupational exposures of a
typical adult. These models are generally considered to be the best
snpﬁorted comprehensive set of intermnal dosimet:ic models and are fre-
quently used in one of two ways for evaluation of exposures to the gen-
eral population. (1) In some cases it is assumed, in effect, that all
members of the population experience the doses estimated using the ICRP
models for adults. For example, in a methodology dgveloped recently by
the U. S. Environmental Protection Agency (EPA) to estimate health risk
to the public from exposure to any of about 150 radionuclides, models
for the adult as given in ICRP Publication 30 were applied to all age
groups.? (2) In other cases the metabolic properties of the adult are
assigned to other age groups but account is taken of the generally
greater dose per unit activity that results from the smaller organ
masses in childrem. This approach was taken for most radionuclides in a
receant tabulation of dose—conversion factors issued by the Natiomnal
Radiological Protection Board (NRPB) of the United Kingdom, although
age—-specific metabolic models were used for hydrogem, carbon, sulfur,
and iodine.® A similar approach was taken in an earlier document issued
by the U. S. Nuclear Regulatory Commission (NUREG-0172),* except that
metabolic models and general dosimetric methods were based on ICRP Pub-
lication 2.

Thus, the second approach incorporates part of the known differ-
ences with age into calculations of age—-specific dose—conversion fac-
tors, namely, the anatomical differemces. On the other hand, this
approach excludes many known or expected differences with age in the
biological behavior of radionuclides that could conceivably lead to sub-

stantial age dependence in doses from environmental exposures. For

example, the immature skeleton tends to accumulate a higher fraction of
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various metals from blood than does the mature skeleton. Also, the
younger skeleton has a much higher rate of remodeling than the older
skeleton, resulting in faster removal of activity from both the surfaces
and volume of bones. It seems difficult to justify including anatomical
differences with age in calculation of dose—conversion factors while
excluding consideration of such known or expected differences with age
in the biobehaviocr of elements.

There is, however, a problem in incorporating the large but scat-
tered body of information related to the age-specific biobehavior of
elements into dose calculations ﬁithin the limitations of the format and
underlying concepts of the retention models given in ICRP Publica-—
tion 30. Each of the ICRP retention models is a concise mathematical
summary of observations and assumptions concerning the net retention of
a radioelement in organs or the whole body of adult bhumans. Foxr the
most part, these models are based on (1) direct observations of the
early distribution and the net retention of radioelements in organs or
whole bodies of experimental animals and humans, (2) the equilibrium
distribution of elements in Referenﬁe Man as described in ICRP Publica-
tion 23%, (3) analogies among chemical families of elements, and
(4) broad assumptions. Each of (1)-(3) is an invaluable source of
information, and we must expect to encounter some broad assumptions in
areas where direct observations are lacking. The main problem is that
the requirement of a simple mathematical format and the lack of a firm
physiclogical foundation preclude the incorporation of a great deal of
valuable physiological information and physiologically reasomable
assumptions that could be used in characterizing the behavior of
radioelements in adults and extending the models for adults to other age
groups.

In this report we apply an approach to age—dependent dosimetric
modeling intended to allow consideration of best available data on
differences with age in intake, uptake, distribution, and retentiom of
radionuclides as well as in the masses and geometries of the organs and
tissues of the body. With our approach, a model framework is con-—
structed in terms of physically identifiable compartments and processes
that appear to control behavior of a radioelement. As far as possible,

the parameter values for such a model are chosen from information on



human biometrics, and, if available, any element-specific information
for humans. For example, depending on the radioelement, it may be rea-
sonable to describe retentionm and tramslocation within the skeleton and
release from skeleton to blood at different ages in terms of the age-
specific bone growth and remodeling rates. In iddition to certain
advantages for age-—specific modeling, this approach has other advantages
over the ICRP modeling apptoach: it allows more meaningful extrapolation
of data from animals to humans; it permits more realistic treatment of
daughter products of some nuclides; and in some cases it leads to
improved estimate of doses to heterogeneously distributed radiosensitive

tissues.
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CHAPTER II. AGE-SPECIFIC RETENTION MODELS

GENERAL DESCRIPTION OF THE MODELING APPROACH

The general scheme used to model the behavior of all parent and
daughter nuclides in this study is shown in Fig. II-1. This scheme was
designed as a2 ‘least common denominator’ that would apply to all of the
parent and daughter nuclides considered in this study. For any given
parent nuclide, not all paths shown in Fig. II-1 were involved in the
calculations. For example, in the model for retention and translocation
of Pb-210 by the skeleton, activity was assumed to be deposited om bome
surfaces along paths K and L, move from there to bone volume along paths
A and C, and eventunally be takem back to plasma by paths M and N. Thus, o
the other indicated paths in the skeleton were mot involved in the
description of skeletal retention of Pb-2310. On the other hand, the two
bone marrow compartments as well as paths E, B, G, I, F, H, D, and J in
Fig. II-1 were used in the model for thorium isotopes. The usefulness
of a physiologicaily based scheme for modeling the biobehavior of
radionuclides and the advantages of such an approach over the empirical
modeling scheme used in ICRP Publication 30 have been demonstrated im
Refs. 2-5, for example. e e e e e

The model of deposition and transport in the respiratory tréct used
in this study is the Task Group Lung Model (TGLM) of the ICRP.S This
model was designed to apply to a referemce adult and does not include
age—dependent parameters. It appears from present limited information
that variation with age in fractional 5eposition and rate of transport
of material in the respiratory tract is not strong (although variation
of intake with age will be strong) and may be within the limits of
uncertainty of the TGLM, particularly for the small particle sizes
expected in environmental exposures. (For example, see the age-specific
model predictions in Refs. 7 and 8 and the experimental values in Ref.
9.) Thus, until better informatiom is available it is reasomnable to
assume that the parameter values of the ICRP TGLM apply to persons of
all ages. Since the relative dose conversion factors developed in this

report assume a unit intake at all ages, the moch different imhalation

rates at different ages should be considered in applications of these
factors.
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The model of the gastrointestinal (GI) tract used in this study is
essentially the GI tract model of the ICRP,*° which was developed for a
reference adult. It appears that variation with age in transit times
through the GI tract, although not well characterized at this time, may
be within the limits of uncertainty of the parameter values in the ICRP
model for adults, except possibly for a portion of the large intestine
(e.g, see Fig. 1 of Ref. 11). Thus, it appears reasomable to apply the
transit times in the ICRP model of the GI tract to all age groups. On
the other hand, there could be substantial age dependence in the frac-
tion fl of ingested activity that is absorbed from the small intestine
to blood (this is discussed later in the section "Age-specific gastroin-
testinal absorption fractions'). For this reason we assign age-specific
values to f,, whereas in Publication 30 of the ICRP omnly a single value
for the reference adult is applied. Since the relative dose coamversion
factors for ingestion developed in this study are based on a unit intake
of a given nuclide regardless of the person’s age at exposure, the dif-
ferent rates of intake of contaminated food or watexr at different ages
should be considered in applications of these factors.

The major systemic organs considered are skeleton, kidneys, liver,
spleen, and 'other tissue#', the latter consisting of the total body
minus the first four organs, the respiratory tract, and the GI tract
(Fig. II-1). As described below, some of these organs are subdivided
into multiple compartments, where each compartment is assumed to
represent a homogeneous pcol of activity. Plasma sérves as an important
transfer compartment, although it is not the only meams of transfer of
activity from ome compartment to another in this model. Material iani-
tially reaching élasma from the respiratory or GI tract is transferred
at an element-specific rate to skeletal suxrfaces, kidmeys, liver, other
tissues, or excretiom. Activity reaching the kidneys may be returned to
plasma or excreted in urinme. Activity deposited in the liver may be
returned to plasma or be transferred to excretion via bile. Activity
deposited in the spleen or in other tissue is assumed to be returmed to
plasma. Activity deposited in the skeleton may eventually be returned

to plasma after element—specific tramslocation within the skeletom (as

described later), or part of the skeletal activity may be retained
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v
permanently, depending somewhat on the element and the age of the person

at exposure. The redistribution of activity that has been recycled to

plasma from the systemic organs is assumed to be the same as that of the -
activity originally reaching plasma from the respiratory or GI tract.

For computational purposes, activity that is thought to reach feces -
after transfer from blood to the intestines (path CC followed by path FF
in Fig. II-1) is depicted as going directly from blood to excretion.

Activity in 'other tissues’ will be assumed to reside in two pools,
called OTHER1 and OTHER2. For the sake of uniformity this is dome for
all cases, although two pools are required in only three cases to ade~-
quately describe reteantion. For uranmium, radium, and lead, in particu-
lar, there appear to be two distinct compartments in other tissues, with
longer retention times conjectured to be associated to a large extent
with residence in mitochondria. For the remaining elements that appear
as parent or daughter nuclides in this study (thorium, polonium,
bismath, actinium, protactinium, thallium, and radon), the distinction
between OTHER1 and OTBER2 is an artificial ome, since identical uptake
fractions and removal rates are assigned to both pools.

Because of the nonuniform structure of the skeleton and its propen-—
sity to accumulate a large fraction of the systemic activity of several -
of the nuclides considered in this stﬁdy. it is helpful to comsider this
organ in some detail. In our model the skeleton is divided into six
compartments, three associated with cortical bone and three with trabec-—
ular bone. Each of these bone types is divided into bone surface, bomne
volume (surface and volume are as defined in Publication 20 of the
ICRP*2), and bone marrow. In the nomadult, the active (red) marrow is
distributed in both cortical and trabecular bone, but in the adult the
active marrow is contained almost exclusively within trabecular bone.

For all radionuclides in this study, activity reaching the skeleton
from plasma is assumed to be deposited initially on bone surfaces (paths
K and L in Fig. II-1). Two additional paths from blood to skeleton (K*
and L*) have been included in the scheme for eventual consideration of
colloidal or polymeric forms of certain elements, but these paths were -
not used in the present anmalysis. Depending on the element, activity
leaving bone surface may enter bone volume (paths A and C), bone marrow

(paths B and D), or plasma (B* and D*), Activity leaving bone marrow is
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assumed to go to plasma (I and J); potential paths from bome marrow to
bone surface (G and H) have been included for eventual use but are not
used in this study. Activity leaving bone volume may go either to mar-
row (E and F) or to plasma (M and N), again depending on the element.
Some of the isotopes of this study give rise to daughter products
that are of dosimetric significance, and the behavior of these daughters
must also be modeled., Thus, it was necessary to derive age-specific
parameter values not only for the parent isotopes considered in this
study (isotopes of uranium, thorium, radium, lead, and polonium), but
also for isotopes appearing as daughters (isotopes of protactinium,
actinium, radon, bismuth, and thallium). In Publication 30 of the ICRP,
it is generally assumed that all daughter radionuclides born in the body
remain with the pareant radionuclide (radom is ome exceptiom). This may
be a reasonable assumption if the danghter is very short—-lived, and in
some cases it appears to be true for fairly long-lived daughters. It
has been demonstrated, however, that this assumption is not valid for
many chains of radionuclides.? The ICRP metabolic modeling approach is
not flexible emough to imcorporate more reasomable assumptions into the
treatment of daunghter products, but the physiological approach used in‘
the present study can be used to applyrthe best available information om
all daughter products to follow members of a chain through their poten—
tially different routes through the body.?
. For each of the radiocelements involved in this study as either a
pareat or daughter nuclide, an age—dependent uptake-retention model was
derived by assigning age—specific rate constants to the paths (arrows)
shown in Fig. II-1. This was done for each of seven ages: mnewborn, 100
days, 1 year, 5 years, 10 years, 15 years, and adult. In the following
section we describe briefly the derivation of these rate comstamts. It
should be noted in the descriptions that follow that the most important
changes with age depicted in these models generally involve the greater
propensity of the younger skeleton for metals, the greater growth amnd
remodeling rates of the skeleton at younger ages, the smaller amount of
activity assigned to the compartment 'other tissues’ and/or to excretion
at smaller ages, and the greater fraction of activity absorbed from the

small intestine to blood at younger ages. The smaller fraction some—

times assigned to 'other tissues' at younger ages usually was based less




12

'
on element-specific- information or physiological principles than on the
requirement for balancing the greater fraction going to the skeleton at
youngervages.

We emphasize that age—dependent metabolic modeling is a rapidly
evolving area of study. Although the parameter values given here are
based on best available information at the time of publication of this
report, we expect that some of these values will be altered in the near
future as our research efforts proceed.

We also emphasize that each of the descriptions that follow
represents only a brief summary of the comsiderations that went into the
choices of parameter values. The reader may get a better notiom of the
total considerations involved in development of a physiologically based

model of the type described here from the descriptions in Refs. 3 and 5.

AGE-SPECIFIC PARAMETER VALUES FOR THE ELEMENTS IN THIS STUDY
Thorjum

Thorium appears both_as a parent and as a daughter product in the
chains considered in this study. The age—dependent parameter values for
the thorium retention model are given in Table II-1. These parameter
values were based on consideration of information on the behavior of
thorium in young adult animals and adult humans,2*3-25 the distribution of
environmental thorium found in humans,*¢,*7? comparison of the behavior of
thorium and plutonium in the body,3,*7,%® and basic physiological informa-
tion on modeling and remodeling processes in the human skeleton at vari-
ous ages.?,?

Using limited data for adult humans,?’ we estimate that only 6% of
an initial unit activity of thorium in plasma will be promptly excreted.
('Promptly excreted’ will be used to refer to the fraction of activity
in plasma which goes to excretion along paths Y, Z, and CC-FF but not X
or @ in Fig. II-1,) The promptly excreted fraction is assumed to be
independent of age.

Thorium deposits primarily in the skeleton, and its behavior in the
skeleton appears to be governed by the same processes that govern the
behavior of plutonium, namely, bone growth and remodeling processes.?,1s

Bone—-seeking elements generally have a higher affinity for the younger
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.
skeleton than for the mature skeleton,? but in the case of thorium there
may be little difference with age in the fraction of systemic activity'
going to the skeleton because this fraction is large {(perhaps 0.7) in
the mature adult.?

Ve assume that, in the adult, 70% of the unexcreted activity in
plasma is deposited in the skeleton (with equal amounts going to trabec-
wlar and cortical surfaces), 4% in the liver, 0.7% in the kidneys, 0.4%
in the spleen, and the remainder (24.9%) in other tissues. This distri-
bution is consistent with, but is more detailed than, the distribution
for thorium given in ICRP Publication 30. For nonadults we assume that
80% of the unexcreted activity is deposited uniformly in the skeleton;
the other deposition fractions are assumed to be the same as in the
adult, except that only 14.9% is assumed to go to other tissues.

As for plutonium, the portion of thorium going to the skeleton
appears to deposit initially on skeletal surfaces but may slowly become
buried in bone volume during bonme remodeling processes; thorium may also
gradually become uncovered and returned to systemic circulation by these
processes.*® The rate comstants for bone remodeling processes are much
greater in children than adults;® hence it is expected that thorium will
be removed from the radiosensitive cells near the bone surfaces much
faster in children than in adults. The rate constants for movement of
thorium among the skeletal compartments and plasma are based on the same
scheme as our age—-dependent skeletal models for plutonium, americium,
and curium discussed in NUREG/CR-3535.4 The reader is referred to that

report and to Ref. 3 for more details.
Radium

Radium appears both as a parent and as a daughter product in the
chains considered in this study. The age—dependent parameter values for
the radium retention model are given in Table II-2. These valnes are
based on data for radium in adult humans (these data are surveyed in
Refs. 12 and 20), age-dependent concentrations of radium in human
bone,2* data on radium in newborm, juvenile, and adult dogs,23-3% and
comparison of the behavior of radium and the physioclogically similar
element stroantium, for which there is a great deal of age—specific meta-—

bolic data.® (We note that values proportiomal to age—specific
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deposition fractions or removal rates that have been derived elsewhere*,?
for strontium will be used at some points in the models for various ele-
ments considered in this study. Although these elements are not
expected to behave in precisely the same manner as strontium, the early
deposition patterans followed by strontium appear to be common to several
divalent cations, and the translocation of many elements in the skeleton
appears to be controlled in the same way as strontium, namely, by growth
and remodeling processes. It appears reasonable to estimate age-
qucific skeletal deposition fractions for radium, for example, by
starting with our estimate for radium for the adult, and assigning age-
specific values proportional to those derived for strontium, for which
there exist much more age—-specific data.)

For the adult it is assumed that 20% of the unexcreted radium in
plasma is deposited on skeletal surfaces. For other ages this value is
scaled to the age—-specific deposition fractions that have been docu-
mented for strontium.*,5 Also, the relative fractions going to cortical
and trabecular surfaces at different ages are assumed to be the same as
values previously documented for strontium.*,$

The rate of disappearance of radium from bome surfaces and the
amount of radium retained over the long term (in bone volume) have been
observed in adult humans, and these values were used to estimate removal
rates from bone surfaces to plasma and from bone surfaces to bone
volume. Removal rates from bome surfaces to plasma are assumed to be
independent of age. Age—specific removal rates from bone surface to
bone volume are estimated by scaling to age—specific bone mineralization
rates. The age—specific removal rate from bone volume to plasma is
assumed to be the same as the bone remodeling rate, which has been
estimated in earlier studies.*,*

Parameter values for soft tissues are assumed to be independent of
age, except that the amount going to fother tissues’ was reduced foxr
younger ages to accommodate the higher skeletal deposition fraction at
those ages. Removal rates and deposition fractions for liver, kidneys,
spleen, and other tissues were chosen to best reproduce observed concen-—

trations of radium in these tissues (gemerally in adults) after acute

and chronic exposures.
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Uranium

Uranium appears only as a parent nuclide in this study. The age-
dependent parameter values for the uranium retention model are given in
Table II-3. These values are based on human data for uranium (see dis-
cussion in Ref. 26 and reviews in Refs. 27-29), data for animals, 33,30
comparison of the behavior of the uranyl ion with alkaline eaxth
metals,3%,31 3nd general physiological information concerning growth and
remodeling of the skeleton.3,3

The initial deposition of the uwranyl ion in the skeleton may be
strongly related to that of calcium.2%,30-32 Eor the adult it is assumed
that approximately 25% of the activity in plasma not destined for prompt
excretion (which corresponds to about 10% of the total initial activity
in plasma since the excretion rate is high for uwranium) is deposited omn
bone surfaces. Age-specific skeletal deposition fractions are estimated
by scaling to those estimated previously for calcium and strontium,*.s
and the relative age—-specific fractions deposited om cortical and tra-
becular bome are assumed to be the same as for strontium.4,$

Uranium leaves bomne surfaces by returning to blood, by being buried
in bong volume during bome remodeling processes, or by pemetrating
canalicular pathways to form a diffuse deposition in bone volume.33,30,32
The rates of removal of uranium from bone surfaces to plasma and bone
surfaces to bone volume in.adults were chosen to be comsistent with best'
estimates of the short—term removal of uranium from total bone (assumed
to be from bone surfaces) and the fraction of the initial bome deposit
retained over a long period (assumed to be due to retention in bome
volume).

Deposition fractions and removal rates for the two compartments of
other soft tissue are estimated from data for adult humans. Long-term
retention in soft tissues may be associated with mitochondria.3? The
deposition fractioms and cemoval fates for uranium in all soft tissue,
including the kidneys, are assumed to be independent of age.

It appears that the amount of uranium excreted in the first two or
three days after reaching blood decreases as the amount deposited in the

skeleton increases (see data of Terepka in Ref. 29). This fact is used

to estimate an age~dependent fractiom of uranium promptly excreted from




18

T0-4T0€°0
TO-ALVE 0
T0-49ZT°0
T0-492T°0
00+HGET" 0

0°0
¥0-4178°0
£0-AE6H°0
T0-°¥LT 0
20-9¥LT 0

C10-4PLT'0

T0-d¥LT 0

T10-4605°0
00+d¥€T°0
TO-AEST O
TO-ALS¥°0
00+ATZE° 0
T10-9096°0
00+HLST 0O

00+4909°0

T0+1€69°0

¢0-300T°0
T0-4005°0

00€L<

¢0-dT10€° 0
TO-dLYE 0
T0-4921°0
T0-H92T°0
00+d6€T°0

0°0
€0-41TS°0
€0-4656°0
TO-A9SE’ O
C0-d9SE’ 0
T0-4¥LT°0
10-3a¥LT’0

T0-dETP 0
00+d4T12°0
T0-40VT° 0
TO0-H08€°0
00+49TE"0
00+dbLT 0
00+4€0T°0

00+H49TS°0
T0+4€69°0

°0-H09¢° 0
10-3006°0

SLYS

TO0-4T10€°0
TO-dLYE"O
T0-4921°0
T0-4921°0
00+d6€T" 0

: 0°0
€0-1¥06°0
CO0-HZET"0
¢0-doLE" O
¢0-HOLE"O
T0-d¥LT 0
T0-aAVLT' O

T0-dIs¥°0
00+482¢C° 0
TO-HSET" 0
T0-d4S0v°0
00+d8EE° 0
00+48¥T° 0
T0-H006°0

00+395€°0
T0+dA€69°0

°0-40TE° 0
T0-d008°0

0s9¢

20-4T10€°0
10-ALYE 0
10-4971°0
10-4921°0
00+d6ET"0

0°0
T0-dEST O
¢0-4181°0
¢0-4v8€°0
c0-d¥8¢€°0
T0-d¥LT 0
T0-4¥LT 0

T0-HELY'O
00+d9€T" 0
T0-dSET° 0
T0-dSTP°0
00+d¥SE"0
00+H49€T"0
T0-HOTL 0

00+d9LS° 0

T10+4€69°0

¢0-408¢°0
T0-400L° 0

sZ81

C0-HT0E° 0
TO-dLVE O
10-9921°0
T0-49T1°0
00+d6ET° 0

0°0
°0-488T°0
¢0-488T°0
¢0-4s0¥° 0
20-dsor° o0
T0-d¥LT° 0
T0-d¥LT°0

T0-490+°0
00+420T°0
T0-A9TT° 0
T0-4¥9€°0
00+4$0€° 0
00+4¥TE" 0
10-H0T8° 0

00+490€°0

T0+4€69°0

T0-400%°0
00+3001° 0

§9¢

¢0-dT10€°0
TO0-ALYE" O
T0-4971°0
T0-49TT°0
00+H6ET° 0

0°0
T0-4T78°0
¢0-d7TT8°0
CO-411¥°0
041170
T0-dvLT'0
T0-3rLT" 0

TO-HLEE" O
00+4891°0
¢0-30L6°0
TO-HEOE" O
00+4€ST° 0
00+d¥0¥°0
00+410T°0

00+490%° 0

T0+H€69° 0

20-H009° 0
00+H0ST 0

00T

¢0-410€E°0
T0-ALVE O
T0-4921°0
T0-49CT" 0
00+H6ET" 0

0°0
10-4701°0
T0-49701°0
CO-41TI¥°0

T0-d¥LT 0
T0-aPLT° O

T0-497€°0
00+d79T1°0
TO-HLOT O
TO-H€6C"0
00+d¥¥T* 0
00+HETHF 0
T0-4086° 0

00+d98€° 0

10+4€69°0

¢0-d40¥9°0
00+409T°0

ROINVIN

(SAVa) a9y

04 SYALANVAVA DITOHVLIEW ILNIANIJAA-IDV

4 13

VHSY'ld OL TUHILLO
VHSYId Ol TUHHLO
VWSVId 01 NdA'1dS
VHSYId OL IAI1
NOTIHYOXH OL SXANAIN
VHSVId OL SXANAIX

VASVId OL HWN'I0OA dANOYM TVIILY0D
VASVId OL HWA'IOA ANOH dVINDHAVIL
HWN'TOA dNO™ O HIVAUAS ANOA TVIILAOD
TO-HITV 0 dWNIOA dANOY OL dOVAUNS HANOY JdVINDHUVIL
VASVId OL dIv4uns dNog TVIILI0D
VASVId OL A0VH¥AS dNO™ HVINDILAVUL

*(x-AVA) SINIWLYVINOD

WO¥d SHLVYA "TVAONHY OYHZ-NON

CHIHLO

TIHILO

NHA'IdS

HIATT

SXINAIX

AIVAINS dNOU TVILIYOD

HOVHEOS INOH AqvInoALdvVEL
CLNAWLAVANOD O ONIOD VHSVId NI
ALIALLDY Q4IZAIXA-NON 40 NOILOVEA

NOILIYUDXH OL XLLOJAIA VWSVId
HO¥A ONIOD ALIAILIV 40 NOILOVIA

(x—XVd) NOIXLI¥OXH OL U0

SNVDYO OL VWSVId WOdd ALVY 'TVAONHYA

dTA0NTOSNI
47140708

VASVId OL ANILSHLNI TIVNS WOdd
IEI0S OV ALIALLOV GALSADNI 40 NOLLOVIA

T€-1I1 AI4VL



19

plasma. It is assumed that the sum of the total fractiom goimg to
skeleton (as contrasted with the unexcreted fraction listed in

v Table II-3) and the fraction promptly excreted is comstant throughout
life, which leads to a lower estimated prompt excretion fractiom for

younger ages.

Lead

Lead appears both as a parent and as a daughter product in the
chains considered in this study. The age—dependent parameter values for
the lead retention model are given in Table II-4. There is a large body
of information on the physiological behavior of lead, including studies
on the differences with age in the accumulation of lead in the body (for
example, see Refs. 33-35). The behavior of lead in the body appears to
be related to that of calcium and stronmtium, although there are impor-
tant differences.?$=3?% The early deposition pattern of lead in the skele-
ton may be similar to that of calcium, and lead may eventually become
firmly bound somewhat like these alkaline earths in the bone matrix (cf.
Refs. 36 and 38). On the other hand, newly deposited calcium or stron—
tiom may be quickly recycled to plasma, whereas newly deposited lead
appears to be retained more tenaciously.®¢ There is assumed to be no
removal of lead from bone surfaces to plasma (via pafhs B* and D* in
Fig. II-1).

For the adult it is assumed that 20% of the umexcreted lead in
plasma is deposited on skeletal surfaces.?¢® For other ages this value is
scaled to the age-specific deposition fractions that have been estimated
for strontium in earlier studies.*,5 Also, the relative fractions going
to cortical and trabecular surfaces at different ages are assumed to be
the same as relative valunes previously estimated for strontium. The
rate of movement of lead from bome surface to bonme volume in adults is
assumed to be 0.1 per day, which is a value that has been estimated for
calcium and strontium.5:%*2 Higher rates for children are estimated by
scaling to age—specific bone mineralization rates that have been
obsexved.?* The age-specific removal rate from bone volume to plasma is

assumed to be the same as the bone remodeling rate,* which has been

estimated in earlier studies.?®
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Deposition fractions and removal rates for soft tissues have been

based primarily on data and conclusions given in Refs. 36 and 40-43.

Parameter values for soft tissues are assumed to be independent of age, -
exceﬁt that the amount going to 'other tissues’ was reduced for younger

ages to accommodate the‘higher skeletal deposition fraction at those

ages.
Polonium

Polonium appears both as a parent and as a daughter product in the
chains considered in this study. The age—dependent parameter values for
the polonium retention model are given in Table II-5. There is little
age—-specific information om the biological behavior of this element. It
generally is not considered a bome—seeking element,2,44,45 and in ICRP 30
it is assumed that polonium is uniformly distributed throughout the
body. However, in a study in which the distribution in bone was exam-
ined in some detail,*® it was discovered that there is some accumulation
of polonium in the less mineralized portioms of bone and an apparent
tendency for polomium to accumulate in the organic phase of bone. This -
is also true of sulfur,4? which bears some chemical and physiological
resemblance to polonium.4®* It is known that sulfur is accumunlated in the
skeletons of young animals more than in older animals.*? We would expect
the same to be true for polonium. The fraction of polonium in plasma
that goes to bome is difficult to estimate from available data. It
would appear from data on animals?*4.,4% to be at least a few percent in
adults but less than the percentage that would be assigned to the skele-
ton by the ICRP 30 model (14-15%). For the adult we assign 10% of the
unexcreted activity in plasma to bone surfaces. Higher percentages,
depending on the amount of bonme growth and remodeling,$ are assomed to
deposit on the bone surfaces of children. Polonium is assumed to reach
bone volume only as a danéhter product born there. Its removal rate
from bone volume to plasma is assumed to be the same as the bone remo-— .
deling rate.

We have based our model for polonium in soft tissues primarily on -
the ICRP 30 model for the adult, although residence times in organs have

been reduced to allow for recycling of activity among plasma and tissues

and to still produce about the same whole-body retention time as in the




23

ICRP 30 model. The removal rate from bome surfaces to plasma is assumed
to be the same as the removal rate from soft tissues to plasma. The
fraction of unexcreted activity deposited in tissues other than skele-
ton, kidneys, liver, and spleen is reduced in children to accommodate

the higher fraction deposited in skeletom.
Bi cmg

Bismuth appears only as a daughter product in the chains considered
here. The age~dependent parameter values for the bismuth reteation
model are given in Table II-6. There is little information on the age-
specific behavior of this element. Parameter values for adults were
based to the extent possible on the model for bismuth presented in
ICRP 30.1 The model for soft tissues and prompt excretion were designed
to yield integrated activities in kidneys, liver, spleen, other soft
tissues, and whole body not toe different from those in the ICRP 30
bismuth model while allowing explicit consideration of recycling of
activity among organs and plasma., It is assumed that, in adults, 4% of
the unexcreted activity in plasma deposits on skeletal surfaces; this is
scaled"upward for children in the same manner as for polonmium. Bismuth
is assumed to be removed from bone surfaces to plasma at the same rate
as it is removed from soft tissues to plasma. It is assumed to arise in
bone volume only from decay of the parent already located there and is

assumed to be removed from bone volume at the rate of bone remodeling.
Ihallium

Thallium appears only as a daughter product in the chains con-
sidered in this study. The age—dependent parameter values for the thal—
lium retention model are given in Table II-7. These values are based to
some extent on the ICRP 30 metabolic model for adults but also include
consideration of additional data on thallium and the physiological simi-
larity between thallium and potassium.*?

In the adult it is assnmed.that 20% of the unexcreted activity in
plasma is deposited on bome surfaces.®?,5%* As with polonium and bismuth,
the fraction going to bome surfaces is assumed to depend on growth and

remodeling rates,® with much higher deposition at younger ages. The

higher deposition in bome at younger ages is consistent with what is
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known about the physiologically similar element, potassium.®*2 The removél
rate from bone surfaces to plasma is assumed to be the same as the total
removal rate from each soft tissue compartment (0.693/day), which was
chosen to produce a whole-body retention time consistent with that given
in ICRP 30 despite the recycling involved in our model. The fractiom
deposited in 'other tissues’ is adjusted at each age to accommodate the
change in the fraction assumed to be deposited in the skeleton.

Thallium is assumed to reach bome volume only from the decay of its
parent already residing there. It is assumed to be removed from bome

volume at the rate of bone remodeling.
Radon

Two isotopes of radon occur as daughters in the chains considered
in this study: Ra-222 with a half-life of 3.8 4@ and Ra-220 with a
half-life of 55 sec. The age-~dependent parameter values for the radon
model are given in Table II-8.

The only parameter values assumed to vary with age in this model
are the removal rates from bone surfaces to plasma. For each of these
parameters, two values were determined, ome for adults and ome for all
other ages. These values were chosen to describe the different radon-
to—~radium ratios that have been observed in bones of adult and neonatal
beagles as a function of time after injection of Ra-226.%3 Of course, the
choice of these parameter values depends on the model for radium
described in Table II-2. '

It is assumed in this model that all radon entering plasma leaves
the body via excretion, which in this case is broadened to include exha-
lation. The removal rate from all soft tissues was determined as an

effective half—-time based on an existing multi-exponential model.%*
Actinjum and protactinjum

These elements occur only as daughter isotopes in the chains in this
study, namely, as Ac-228 and Pa-234m, with half-lives of 6,13 h and 1.17
min, respectively. Neither is expected to be very mobile in the body.?
We assign the age—specific metabolic model for thorium to both isotopes.
The effect is that nearly all decays of Ac—228 or Pa-234m are assigned
to the point of birth of that isotope at all ages.
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Age- i£3 troi inal at ion fracti

The GI absorption values used for the various elements in this
study are included in Tables II-1 through II-8. Values for adults were
taken from ICRP Publicatiom 30. Values for infants and children were .
chosen to represent the general tremd of relative absorxptiom fractionmns
as indicated by a variety of absorptiomn studies.
Studies on laboratory animals indicate that fractional absorption
of metals from the small intestine to blood is higher in neonates than
in adults and may be considerably higher for poorly absorbed metals (see
reviews in Refs. 55-56). These studies generally indicate that the
absorption fraction decreases substantially in the first few days,
weeks, or months of life, bot no clear picture has been developed con-
cerning relative absorption fractions in juvenile and adult animals.
Recent work indicates to us that the wall of the small intestimne is
a more selective tissue than was previously thought and that absorption
of elements may be related to the body’s needs to a greater extent than
had been believed., In particular, there is evidence of an enhanced
absorption of certain essential elements during the pefiod of growth,
and chemically related elements or elements transported by the same .
mechanisms may also experience enhanced absorption during this period.
Best information is for iron, lead, calcium, strontium, and zinc.
Fractional absorption of each of these elements appears to be higher in
juveniles than in adults. Moreover, data for each of these elements are
consistent with the hypothesis that fractional absorption changes with
the rate of growth until adulthood. For example, studies with human
children from infancy through 4 years indicate that the absorption frac-
tion for ironm falls steadily as does the rate of growth,*7-%? and another
study with children of ages 7-10 years indicates that the absorption
fraction rises during that period as does the rate of growth and the
demand for iron.¢°
Lead appears to share an absorption pathway with iron¢*—¢2 and may
also be absorbed to some extent along the transport system for calcium.¢?
Results of a balance study of human children from 2 weeks to 8 years of

age indicate that the absorptionm of lead is much greater than the adult

level during that period.%4~%5 Absorption of lead by juveniles has been




29

studied most extemsively in the rat with isolated duodenal loops.®6—¢7 The
animals in one study®$ weighed from 79 to 660 g and varied from recently
weaned rats to rats more than ome year old. The fraction of lead

absorbed decreased substantially (and highly significantly) with

increases in age and body weight.

The fractions of the alkaline earth metals calcium, stroatium, and
radium (but not barium) absorbed by juvenile rats were 2-3 times higher
at age 6—-8 weeks than at 60-70 weeks.®? Another study with rats showed
absorption of calcium declining from 98% in weanling rats 4 weeks old to
57, 46, 41, and 24% at ages 12-24, 48-72, and 106 weeks, respectively.$?
Data for calcium in humans are piecemeal and less definitive but appear
to follow the same general pattern.’?—72 The strong age dependence in the
numerovus measurements of environmental Sr—90 in the skeletons of humans
over three decades can be explained uniformly by a model in which the
fraction of ingested Sr—90 absorbed and deposited in bome is directly
related to the body's growth requirements for calcium.’ The concentra-—
tion of emvironmental radium in human bone as a function of age3?
appears to follow a pattern very similar to that for Sr—-$50.

The fraction of zinc absorbed by rats is also greater at younger
ages.??~74 1In these studies it was shown that "the physiological ability
to absorb zinc did not decrease with age, but rather adapted to the par-—
ticular supply status”?4 and that the "marked differences between age
groups in utilizing dietary zinc reflected the efficient homeostatic
adjustments in absorption and endogenous excretion of zinc to the
respectivé supply status.””? A similar explanation might apply to the
other metals.

For radiation protection it has generally been assumed that the
fraction of a radionnclide absorbed by children after weaning from a
milk diet is similar to that absorbed by adults (e.g., Ref. 75). This
assumption does not appear to be based on strong evidence for the entire
period of growth. Rather, it is apparently based on observatioms that
the fractional absorption of many metals by laboratory animals decreases
sharply toward the adult level after weaning, the conclusionm that the
enhanced absorption during infancy is related at least in part to the
milk diet, and the fact that the structure and function of the small.

intestine are similar in juveniles (after weaning) and adults.?¢ However,




even though the small intestine does appear to be mature in juveniles,
the enhanced need during growth for essential metals such as calcium,
iron, and zinc result, we believe, in enhanced absorption of these
metals and perhaps also some non—essential metals such as lead or plu-
toniuvm that may share absorption pathways with essential metals. There
may be other mechanisms involved in conserving essential metals when the
demand is high, but available data suggest to us that enhanced absorp—-
tion is at least one of the bhomeostatic processes brought into play in

the growing animal.

In view of the data discussed above, we believe that our present
models should include consideration of (1) the elevated absorptiom frac-
tions during the neomatal period indicated by the data for animals and
to a lesser extent by that for humans; and (2) the changes with growth
in absorption fractions indicated by studies with animals and by the few
‘available studies on humans. For those radigelehents with no direct
information on changes with age in absorption (for example, uranium),
relative values for different ages will be assigned by analogy with
better understood elements. We believe that a model for strontium
absorption derived for an earlier report* may suitably reflect the
changes with age in absorption for several of the elements studied in
the present report.

In this report, age—specific values for radium, uranium, and lead
were derived by scaling the adult values to age—-specific values
estimated earlier for strontium.* (For example, if the value for 15-
year—-olds for strontium was estimated as 1.8 times the adult value, then
the value for 15-year—olds for radium was assumed to be 1.8 times the
adult value.) Values for absorption of thorium by neonates were based on
studie$ on animals; other values for nonadults were based loosely on
changes that have been observed for iron, since absorption of actinides
has been associated with iron absorption pathways.®¢ Absorption fractionms
for actinium and protactinium were assumed to be the same as those for
thorium. Absorption models for actinium and protactinium are not of-
much importance in this study, since little activity of Ac—228 or
Pa-234m would reach the GI tract under the comnditions of this study.
Absorption of thallium is unsually assumed to be complete in the adult?

and in this study was assumed to be complete at all ages. There was
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assumed to be no absorption of radon at any age. As with actinium amnd
protactinium, assumptions concerning absorption fractioms for thallium
and radon have little effect on doses estimated in this study. There is
no age—specific information on absorption of polonium and bismuth; .
values for these two elements were scaled to changes estimated for
strontium for the sake of conservatism. The absorptiom fraction for
bismuth is not particularly important for this study, but the relative
dose equivalents derived for the'case of ingestion of Po-210 vary

directly with the assumed absorption fractiomn.
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_ CHAPTER III. IMPLEMENTATION OF AGE-DEPENDENT DOSIMEIRIC METHODS

This chapter describes the methods and computer code'itoéetﬁe¥
referred to as the AGEDOS methodology) used to estimate 50-year commit—
ted dose equivalents, as a function of age at exposure, to radiosensi-
tive organs aund tissues in the human body. Much of this chapter is
taken from the original document describing the AGEDOS code® and from
NUREG/CR-3535.2

DEFINITIONS AND BACKGROUND INFORMATION

Radiocactive materials may be taken into the body through inhala-
tion, ingestion, contact with open wounds, or injectiom directly into
blood or tissme. Whatever the pathway, internally deposited radionu-
clides are distributed among various organs and tissues and/or excreted
from the body through a variety of complex processes. During its
sojourn in the body, a radionuclide may release energy during radioac—
tive decay. If this energy is deposited in sensitive cells or tissues,
damage may occur and may eventually contribute to a deleterious biologi-
cal effect such as carcinogemesis Or mutagemnesis.

The index commonly used to estimate the potential for a given
health effect due to exposure to radiation is the absorbed dose, which
is defined as the ratio of the emergy, Ae, deéosited in a specified tis-
sue, to the mass, Am, of that tissuwe. The AGEDOS methodology is
designed to estimate dose per unit time (dose rate) as well as
integrated dose to various radiosemsitive organs and tissues at speci-
fied times after the beginning of internal exposure to a radionuclide.
As described later, the integrated doses estimated by AGEDOS are com—
bined with appropriate quality factors (reflecting thg relative biologi-
cal damage of high~LET and low-LET radiations) to calculate a ‘committed
dose equivalent’ as defined in ICRP Publications 26 and 30.

The dose quantities estimated using the AGEDOS code reflect the
anatomic, metabolic, and physiological changes that may occur due to'the
growth process during or after exposure to a radionuclide. For example,

in the case of ingestion of a radionuclide one may comnsider variation
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with age in the fraction of activity absorbed into the bloodstream from
the small intestine, the fraction taken from the bloodstream by various
systemic organs, and the biological half-times of the radionuclide in

various compartments of these organs, among othef factors. Moreover,

the calcnlatidns account for the differences with age in the amounts of
energy deposited in various organs and tissues doe to radioactive decay
at a given location. Such differemces will arise from the changes dunr-

ing growth in the masses and geometries of body organs and tissues.

TEE MATRIX OF DOSE RATES CALCULATED BY AGEDOS

The notation DI(b,b + T) is used for the dose rate to a specified

tissue of a person of age b + T due to an intake I either occurring at,
or beginning at, age b. If the intake I is an acute unit intake occur-
ring at age b, then the notation will be 6U(b.b + T), If the intake I
is a chronic intake beginning at age b, then I is a function of the time
t and the exposed person’s age between t = 0 (corresponding to age b)
and t = T (corresponding to age b + T).

The primary task of the computer code AGEDOS is to calculate a
matrix of dose rates éU(B,B + 8) for an acute unit intake U, for
selected beginning ages B, and for selectéd times S 2 0 (see Table III-
1). This matrix may also be used to estimate dose rates ﬁI(b.b + T) for
essentially arbitrary intake I, beginning age b, and subsequent age
b + T. In the present document only acute intakes and averages of acute
intakes approximating uniform one-year intakes at various ages are con-
sidered. As indicated in Chapter II, values presented in this document
are relative committed dase equivalents (that is, relative to the com-
mitted dose equivalent resulting from exposure as an adult) due to such
intakes. The committed dose equivalent is the total dose equivalent
which the individual will receive in a fifty-year period following the
intake. For an acute unit intake U, for example, the committed dose
equivalent is given as

50,
H(50,b)1 = df By(b,b+s)qds,

where H(50,b)T is the committed dose equivalent to organ T per unit

activity deposited in the body at age b.
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In the AGEDOS code, the "acute uanit intake” U is actually
represented as an initial activity already in either the stomach or the
luvngs. In order to allow development of a dosimetric data base with
maximum flexibility, the code was designed to estimate dose rates to all
organs beginning with an initial unit activity in either the tracheo-
bronchial, nasal-pharyngeal, or pulmonary region of the lungs, with no
initial activity in the other two regions. The user of the data base
could then perform arithmetic operations to compute dose rates
corresponding to arbitrary deposition fractioms in the three regions.
Héwever. the user of the AGEDOS code has the option of specifying arbi-
trary initial activities in each region of the lung. The data preseanted
here for the inhalation exposure corresponds to the inhalation of an
aerosol with an activity median aerodynamic diameter of 0.3, 1.0, or 5.0
pm.

The beginning ages B (that is, ages at which acute intakes are con-
sidered) used in AGEDOS are 0, 100, 365, 1825, 3650, 5475, and 7300
days. Thus, to choose one example, dose rates to the various organs are
calculated at ages subsequent to age 1825 days under the assumption that
a unit acute intake occurred at age 1825 days (only). The set of begin—
ning ages is somewhat arbitrary but is designed with the intent that no
period of rapid anatomic, metabolic, and/or physiological changes be
completely ignored.

The set of times T following the acute intake at which dose rates
are to be calculated will be referred to as the "time grid system.” The
time grid system should include relatively densely spaced times shortly
after exposure to properly describe the rapid changes in dose rates that
may occur in some organs immediately following an acute intake. At
relatively long times after the acute intake, the times in the time grid
system may become more widely spaced. However, one must keep in mind
for general applications of AGEDOS output that information concerniné
dose rates due to arbitrary intake patterns will be inferred from the
dose rates that are estimated assuming acute intakes. Hence it is
essential to obtain as accurate a description as. possible of the dose

rate curve for an acute intake.
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Of course, the desire for accuracy must be balanced somewhat with
considerations of computing time and storage requirements. The optimal
time grid system varies somewhat with the radionuclide and with the par-
ticular metabolic models used. In the present study we used the follow-
ing time grid system for all cases: 0.1 days from time zero to 10 days
after exposure, 1.0 days from 10 days to 73 days after exposure, 73 days
from 73 days to 1825 days after exposure, and 365 days thereafter.

THE GENERAL SCHEME FOR ESTIMATING THE DISTRIBUTION OF ACTIVITY OF
RADIONUCLIDES IN THE BODY

Activity entering the body by ingestion is assumed to originate in
the stomach compartment. Thus, if it is assumed that a unit activity of
a radiomuclide is taken in by acute ingestiom, this unit activity is
placed in the stomach at time zero. From the stomach the activity is
viewed as passing in series through the small intestine, the upper large
intestine, and the lower large intestine, from which it may be excreted.
Activity reaching the small intestine may also be absorbed through the
wall of the small intestinme into the bloodstream, from which it may be
taken into the skeleton, liver, kidney, spleen, and other tissues.

Activity entering the body through inhalation is assumed to ori-
ginate in any of three compartments of the lung, namely, the tracheo-
bronchial (TB) region, the pulmonary (P) regionm, or the nasal-pharyngeal
(NP) region. The amount assumed to originate in each of these compart-
ments depends on the assumed particle size. According to the ICRP Task
Group Lung Model,?® if a unit activity of a radiomuclide with activity
median aerodynamic diameter (AMAD) of 1.0 pum is inhaled, 30% goes to
region NP, 8% to TB, 25% to P, and the rest is exhaled. If the AMAD is
0.3 pm, 8.8% goes to NP, 8% to TB, 43% to P, and the rest is exhaled.
For an AMAD of 5.0 pum, 74% is placed in NP, 8% in TB, 8.8% in P, and the
rest is exhaled. Activity in the lungs may reach the bloodstream
directly, or it may enter blood indirectly through the stomach or lym-
phatic system.

In all calculations performed with AGEDOS, it is assumed that only
the first nuclide in a chain of radiocactive species is taken into the

body. The formation and dynamics within the body of daughters in the

chain are considered explicitly, however.
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Throughout, Aiq(t) denotes the activity of the ith species of the
chain in a compartment indexed by subscript q. If we consider Aiq(t)
over an interval of time that is small enough for changes with age to be
neglected, the rate of change of Aiq(t) with time may be modeled by a
system of differential equations of the form

] L
: i-1 J

i _ R _.B R’

A = =g +A0) A+ ey (A j§=:1 B, Z=:1 Aj +p) s

(1)
k=1: s0e L. s
i

where compartment q is assumed to have Li separate pools of activity,

and where
Aik = activity of species i in the kth pool,
x§ = (1n 2)/T§ = radioactive decay coefficient (time-1) of
species i (TE is the radiocactive half-life of species i),
XB

ik rate coefficient (time—2) for biological removal of species i

from the kth pool,

[
{

j number of expomential terms in the retention function for

species j,

]

Bij branching ratio of the nuclide j to species i,

Py inflow rate of ith species into the compartment.

1

The subsystem described by these Li equations can be interpreted as a
biological compartment in which the fractional retention of species i is

governed by the function
L

i
R.(£) = T oy expl-(a} +23)(e)] .
k=1 '

The subscript k¥ in Eq. (1) represents the kth term of the retention

function, and the coefficients ¢, can be thought of as 'pathway frac-

’

tions,’ that is, the fractions associated with the various pools of

activity within the compartment. In the model represented schematically

in Fig. II-1, outflow from each compartment during each time interval
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generally is represented as a single exponential term, so that each com~
partment is considered as representing a single pool of activity. Am
exception is made in a few cases for 'other tissues’, whose retention is
sometimes represented as a sum of two exponential terms. In many other
applications (for example, when the ICRP 30 retention models are used),
retention functions often involve multiple expomential terms. For the
retention models used in this report, the °‘pathway fractioms’ usually
have a clear anatomical and/or physiological definition. Whenever a
retention function for a compartment involves multiple exponential
terms, however, it is usuwally difficult to determine the physical mean-
ing of the 'pathw#y fractions.’

An obvious problem in using Eq. (1) as a model of the rate of
change of activity of a radiomuclide in a compartment is that the inflow
rate, P;, of species i will not remain constant with time. Moreover,
since changes with age in the uptake and retention of radionuclides by a
compartment are being considered, it cannot be assumed that the biologi-
cal removal rates, kgk, and pathway fractioms, ¢ji, remain constant over
an extended period.

These problems are handled by dividing the time interval over which
dose rates are to be considered into relatively small subintervals over
which all parameters in Eq. (1) may be treated as constant. As dis-
cussed earlier, the lengths of these subintervals usually vary from a
fraction of a day at times close to the initial acute intake of the
radionuclide to one year at times very remote from intake. The problem
is essentially that of approximating a continuous function by a step
function; this requires shorter steps over intervals of rapid change
than over intervals of little change. At times close to an acute
intake, a close approximation of the inflow rate into some compartments
may require steps that are only a small fraction of a day.

The inflow rate P, on each subinterval is takem to be that constant
inflow rate which would yield the total activity of the radionuclide
which flows out of the feeding compartments during the same subinterval.
(Of course, if a portion of the outflow from the feeding compartments

proceeds along another pathway, that portiom is not included in the cal-

culation of p.,) For example, the inflow rate p; to the small intestime
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from the stomach during a subinterval of leagth 0.1 days is taken to be
LSXS/O.I. where A is the outflow rate coefficient (day;l) from the
stomach to the small intestine, and As is the integrated activity of the
radionuclide in the stomach during the same time interval.

The values of biological half-times and pathway fractions used on
each subinterval are determined by linear interpolation of the values
input for ages 0, 100, 365, 1825, 3650, 5475, and 7300 days. For exam-
ple, if the calculation is for a person of age 500 days at the beginning
of the subinterval, thern the half-times and pathway fractions used on
that subinterval are determined by linear interpolation from the values

input for ages 365 days and 1825 days.

CONVERTING FROM ACTIVITY TO DOSE RATES

In the preceding sectiom we discussed a general scheme for estimat-
ing the distribution of activity in the body as a function of time after
intake of a radionnclide. The activity of a radionuclide in a compart-
ment is a measure of the energy being emitted in that compartment at
time t. In this section we discuss how one may relate the estimated
activities of a radionuclide in all compartments at time t to the dose
rate to a specific organ at time t. The problem is to estimate the
fraction of the emergy emitted by decay of the radionuclide inm each com-
partment ( ”source organ”) that is absorbed by the specified ("target")
organ. This absorbed fraction is incorporated into the calculation
through the use of dosimetric S-factors.*,* The S—factor S(X«Y) is
defined for our use as the average dose rate to target organ X from onmne
unit of activity of the radionuclide uniformly distributed inm source
organ {(or compartment) Y. The units for S-factors depend on the units
used for activity and time; thus the S—-factor units may be rad/pCi-—-day
or Gy/Bgq—~s, for example.

The dose rate [DRi(X)](t) to target organ X at time t due to
radionnclide species i in sounrce organs Y,, Y,, ..., Yy is estimated to
be

M=

[DR, (X)1(t) = 2. [DR(X&¥)1(t) ,

k

i
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where
[DR; (X ¢ ¥,)1(t) = §;(X T )A;(t) .

In the preceding equation A, (t) is the activity, at time t, of species
i in source orgamn Yk’

The dose rate to target organ X from a unit activity of a nuclide
in source organ Y due to emissions of type m may be calculated from the

expression
S (X¢Y) = c £ EN(XCY) ,

where

¢ = a constant that depends on the units of dose, energy,
mass, and time being used,
£
m
E
m

intensity of decay event (number per disimtegratioms),

]

average energy of decay event (MeV),

'm(Xé—Y) = specific absorbed fractiom = fractionm of emitted

energy from source organ Y absorbed by target organ X

per unit mass of X,

and where the summation is taken over all events of type m. In the fol-
lowing paragraphs we discuss briefly the estimation of the absorbed
fractions Om(Xé~Y) for photon emissions and beta, electron, and alpha
decays. More complete descriptions can be found in Refs. 4 and 5.

The S—-factor is similar in concept to the SEE factor (specific
effective energy) used by ICRP Committee 2 in their recent Publica-
tion 30. The SEE factor includes a quality factor for the radiation
emitted during the transformation. The S—-factor as used in the AGEDOS
analysis does not include consideration of the quality factor, but
AGEDOS tabulates absorbed dose separately for low— and high-LET radia-
tion. In this report the appropriate quality factors are included when
the low— and high-LET doses calculated by AGEDOS are combined to give
the 50-year committed dose equivalents tabulated in Chapter IV. The two

quantities are related as

SEE_(X <) = k2.0, S (X ¢ )
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where

0o
It

- the appropriate quality factor for the mth radiation type

e
]

a constant that depends on the units used in the S—-factor and
SEE factor.

It should be evident that the value Sm(xe—Y) is a function of the
age of the individual, because the specific absorbed fraction 0m(x<—2)
used to calculate S (X< Y) may depend on the relative geometries of X
and Y as well as the mass of the target organ X.% We shall first discuss
the determination of S—factors for various radiation types for a fixed
age, and we later describe the introduction of age depéﬁdence into the

S~factors.

Photon emissions

There are two principal computational procedures available for
estimating specific absorbed fractions for photon emissions: the Monte
Carlo method*4 and the point—source kermel method.? Each of these will be
discussed briefly.

The Monte Carlo method is a computerized approach for estimating
the probability of a photon interaction within target organm X af;er
emission from source organ Y. This method is carried out as follows*
for all combinations of source and target organs and for several (usu-
ally 12) photon energies. The body is represented by an idealized phan-
tom in which the intermal organs are assigned masses, shapes, positions,
and attenunation coefficients based on their chemical composition. A
mass attenuation coefficient B, is chosen, where p  is greater than or
equal to the mass attenuation coefficients for any regiom of the body.
The photon begins its course from organ Y in a randomly chosen direc—
tion, and a potential site of am interaction is chosen by taking the
distance traveled as -ln I/HO. where r is a random number distributed
between 0 and 1. The point on the line at this distance from the
photon’s starting point and in the direction of the photon's path is
tested to determine the region of the body containing this point. The
computer randomly selects either a favorable or an unfavorable outcome;
the probability of a favorable outcome is Bi/u,, where p; is the total

mass attenunation coefficient for the ith region. If the outcome is
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unfavorable, then it is assumed that no interactiom occurs, and the pho-
ton proceeds another randomly chosen distance along the same line of
fiight and the game is repeated. If the outcome is favorable, then it
is assumed that an interaction occurs. With each interactiom, an artif-
icial "weight"” of the photon (initially set at unity) is reduced by an
amount equal to the expectation of absorptiom which the photon would
have in the actual physical processes. The flight of the photom is.fer—
minated (1) if it escapes the body; (2) if its energy falls below a
cutoff value —— typically 4 keV; or (3) if its weight falls below 10-5;
in the latter two cases, the energy is considered to be totally
absorbed. The energy deposition for an interaction is determined
according tc a standard equatiom.*

The second procedure for estimating specific absorbed fractions for
photon emissions involves integration of a point-source kermel @(x),
where % is the distance from the point source. The function ® is com—
posed of in#erse-sqnare and expomential attenuation factors that reflect
the loss of energy from photon interactions and a build-up factor that

reflects the comtribution of scattered photoms to dose:?

#(x) = Beg/p + 1/(4nx2) . e HX . B a(kx)

wvhere
9(x) = the point—isotropic specific absorbed fractionm,
Bep = the linear emergy—absorption coefficient,
B = the linear attenuation coefficient,
p = the density of the medium,
x = the distance from the source,
Ben(px) = the energy—absorption build-up factor.

One must integrate this kernmel over all distances x = |u - vl
corresponding to pairs of points (u,v), where v lies in the source organ
Y and v lies in the target organ X.

Both the Monte Carlo method and the point-kermel method may involve
significant sources of error, depending on the energy and the organs

under consideration.? The Monte Carlo method is a probabilistic approach

and produces significant errors in situations where few interactions are
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expected to cccur, such as cases involving target organs which are rela-

tively small or remote from important sources of activity. The point-

source kernel method technically is valid only for a homogeneous, -
unbounded medium. Hence this method may lead to large errors in cases

involving significant variations in composition or demsity of body tis- -
sue, or in cases where target organs or important sources of activity

lie near a boundary of the body. Cristy® has been able to reduce errors

in calculations of absorbed fractions by making extensive use of the

geometrical reciprocity theorem and by developing correction factors for

values generated by the point-kernel method. That is, he uses a

weighted average of Qm(Xé-Y) and the reciprocal Om(Yé—X) produced by

the Monte Carlo method, but replaces this value with the corrected

point-kernel value if the former is statistically unreliable.

Beta and electron decay

Beta particles and discrete electrons are usuallj not sufficiently
energetic to contribute significantly to cxross—irradiation doses of tar-
gets separated from a source organ. Thus, it is generally assumed that
Qm(Xé-X) is just the inverse of the mass of organ X, and if source and
target are separated, .m(Xé—Y) = 0, Exceptions occur when the source
and target are in close proximity, which is the case, for example, with
various skeletal tissues. Absorbed fractiomns for cross irradiations

among skeletal tissues and walled organs were taken from ICRP 30.2°

Alpha paxticle decay

The energy of alpha particles and their associated recoil nuclei is
generally assumed to be absorbed in the source organ. Therefore,
.G(XQ—X) is taken to be the inverse of the organ mass, and 9, (X 1Y) =
0 if X and Y are separated. Special calculations are performed for
active marrow and endosteal cells in bone, based on a method of

Thorne.*?

Calculation of S-factors for different age groups

For non-penetrating radiations the calculation of age—dependent

specific absorbed fractions (and hence of S—factors) is straightforward.
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Since all emitted emergy is assumed to be absorbed by the source organ,
the only age—~dependent variable in this case is the mass of the organ.

The problem is comsiderably more complex for penetrating radia~
tions, however, because the changing shapes and relative positioms of
the organs must be taken into account in this case in the development of
specific absorbed fractioms. Specific absorbed fractioms for photon
emissions of varjous enerzgies have been calculated by Cristy and Ecker-
man® for age groups 0, 1, 5, 10, and 15 years. These absorbed fractiosms
were calculated using a combination of the Monte Carlo and point-source
kernel methods as described earlier, but using different mathematical
phantoms of the human body for each age group. An external view of
these mathematically represented phantoms, together with comparative
cross—sections of the middle trunk regions of the newborn and adult
phantoms, are shown in Fig. III-1.*2 Results of Cristy and Eckerman?®
indicate that the specific absorbed fractions vary substantially with
age for some energies, source organs, and target organs (see Fig. III-
2).

Specific absorbed fractions for adults (age 20 years) are taken
from Ref. 4. To avoid discontinuities im calculated doses, S—factors for

any non-adult age are calculated from those for ages 0, 1, §, 10, 15,

and 20 years by linear interxpolatiomn.
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ORNL-OWG 82-12113

LIVER -to~ OVARIES

Figure III-2., The notation "Y -to— X" indicates that Y is the
source organ and X is the target organ. The fignres show the specific
absorbed fractions (S.A.F.'s) for photons for various source and target
organs, energies, and ages. A typical pattern at all energies is that
the S.A.F. (the fraction of emergy emitted from within Y that is
absorbed by X per gram of X) decreases with age. The effects of the
changes with age in the geometries and masses of organs are most marked

for low—energy photons. (From Ref. 9 and unpublished work of M. Cristy.)
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CHAPTER IV. RELATIVE AGE-SPECIFIC DOSE-CONVERSION FACTORS

Values of the 50-year committed dose equivalents to 21 target tis—
sues from an acute unit intake of a givem radionuclide at age 0, 100,
365, 1825, 3650, 5475, or 7300 days (0, 0.3, 1, 5, 10, 15, or 20 years)
are given in Tables IV-1 and IV-2. These values are normalized to _the
value for the adult, which is taken as onme. Values for intakes by
ingestion are given in Table IV-1 (denoted by G under "INTAKE MODE” in
the table), and intakes by inhalation of a Class D, W, or Y aerosol
(also shown under "INTAKE MODE"”) with activity median aerodynamic diame-
ter (AMAD) of 0.3, 1.0, or §.0 ym are given in Table IV-2, For uranium
nuclides, ingestion of a soluble compound is denoted by G-S and inges-
tion of an imsoluble compound is denoted by G-I.

Tables IV-1 and IV-2 are provided for readers who need to comsider
age gfoﬁps different from those defimed by the U.S. Nuclear Regulatory
Commission (NRC). For purposes of regulation, the NRC defines four dif-
ferent age groups: ianfaant (0-1 yr), child (1-11 yr), teemager (11-17
yr), and adult (over 17 yr). Relative 50-year committed dose
equivalents for these age groups are tabulated in Tables IV-3, IY¥4,
IV-5, and IV-6. Values for intakes by ingestion by persons in the four
NRC age groups are given in Table IV-3 for 21 target organs used in
ICRP 26% and 302 and in Table IV-4 for "bone”, as definmed in NUREG/CR-
0150.2* (It should be noted that “bone” as defined in NUREG/CR-0150 is
not comsidered in ICRP 26 and 30 but is replaced with consideration of
dose to bone surfaces and active marrow; however, the concept of dose to
"bone” is stil] used in some NRC regulatioms.) Values for intakes by
inhalation of a Class D, W, or Y aerosol with AMAD of 0.3, 1.0, or 5.0
um are given in Table IV-5 for the target organs used in ICRP 26 and 30
and in Table IV-6 for bonme. As before, ingestion of a soluble uvranium
compound is denoted by G-S and imgestion of an insoluble uramium com—
pound is demoted by G-I,

For derivation of the relative committed dose equivalents ian Tables
IV-3 through IV-6, the 50-year committed dose equivalents due to a

chronic intake of ome unit activity of the parent radionuclide over a

one-year period as an infant are approximated as am average of 50-year




commi tted dose equivalents due to acute unit intakes at ages 0 and 365
days; those for a child are approximated as 50-year committed dose
equivalents due to an acute unit intake at age 1825 days (5 years);
those for a teemager are approximated using an acute uwnit intake at age
5475 days (15 years); and those for am adult are approximated using an
acute unit intake at age 7300 days (20 years). The committed dose
equivalents estimated in this way are not improved substantially by
using more precise but laborious approximation techniques (for example,
by representing a ome~year unit intake as the sum of 365 acute intakes
occurring on consecutive days).

Relative committed dose equivalents for the total body have not
been tabulated, because the quantity "total body dose"” is not consistent
with the methodology of ICRP 26 and 30. Instead, we have tabulated the
relative effective dose equivalent (under column "EFFECTIVE” in the
tables), which was introduced by the ICRP to facilitate comparison of
organ doses computed for internal emitters as well as external irradia-
tion, the latter of which approaches a uniform dose distribution. The
effective dose equivalent is a weighted average of the dose equivalents
to various organs and tissues of the body. Although this quantity was
defined in ICRP 26, it was not given a name until the 1980 meeting of
the Commission.4 The weighting factors used in computing this quantity
are representative of the contribution of each organ to the risk of sto-
chastic effects such as cancer. Thus the effective dose equivalent, as
a single index, represents not only the total] energy depositionm in the
bedy, as did the earlier quantity "total body dose,” but also the manmner
in which the absorbed energy, and thus dose, is distributed among organs
and tissues of the body in accordance with their relative semsitivities.

It is recommended that this quantity be used instead of total body dose.
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(Continued).

Table IV-1.
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Inhalation case. AGEDOS grid.

Table IV-2.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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ion case. AGEDOS grid.

Inhalat

(Continued).

Table IV-2.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued).

Table IV-2,

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued).

Table IV-2,.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED T0 ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued),

Table IV-2,

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued).,

Table IV-2,

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued) .

FIFTY-YEAR COMMITTEDR DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued).

Table IV-2,

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE} FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued).

Table IV-2,

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued).

Table IV-2,

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued).

Table IV-2,

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

Table IV-2. (Continued).

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NMORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

(Continued).

Table IV-2,

FROM RADIONUCLIDE INHALATION

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE)
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Inhalation case. AGEDOS grid.

(Continued) .

Table IV-2.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TQ ADULT VALUE) FROM RADIONUCLIDE INHALATION
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(Continued).

Inhalation case. AGEDOS grid.

Table IV-2.
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Inhalation case. AGEDOS grid.

(Continued).

Table IV-2.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

Table IV-2,., (Continued).

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED T0 ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

Table IV-2, (Continued).

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Inhalation case. AGEDOS grid.

{

(Continued).

Table IV-2,

(NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Table IV-4., Ingestion case. NRC age groups. Dose to bome.?

Fifty-year committed dose equivalent (normalized to adult value).

Nuclide I;;Zte f, Age Bone : Nuclide Iﬁiiie 2 Age Bomne
: | .

Pb-210 G * Infant 2.3 | U-234 G-S * Infant 13.

G  2.8E-01 Child 0.97 | G-S 7.0E-02 Child 1.3

6  3.6E-01 Teen 2.9 | G-S 9.0E-02 Teen 4.9

G  2.0E-01 Adult 1.0 : 6-S 5.0E-02 Adult 1.0
Po-210 G * Infant 78. | G-I * Infant 13.

G  1.4E-01 Child 4.9 | G-I 2.8E-03 Child 1.3

G  1.8E-01 Teen 3.9 | 6-I 3.6E-03 Teen 4.9

G  1.0E-01 Adult 1.0 : G-I 2.0E-03 Adult 1.0
Ra-226 G * Infant 4.3 | U-235 G-S *  Infant 13.

G  2.8E-01 Child 0.99 | G-S 7.0E-02 Child 1.3

G  3.6E-01 Teen 4.3 | 6-S 9.0E-02 Teen 4.9

G  2.0E-01 Adult 1.0 i G6-S 5.0E-02 Adult 1.0
Ra-228 G * Infant 5.6 | G-I * Infant 13.

¢ 2.8E-01 Child 1.9 | G-I 2.8E-03 Child 1.3

G  3.6E-01 Teen 4.0 | G-I 3.6E-03 Teen 4.9

6  2.0E-01 Adult 1.0 { G-I 2.0E-03 Adult 1.0
Th-228 G * Infant 230. | u-238 G-S * Infant 12.

6  5.0E-04 Chila 7.4 | 6-S 7.0E-02 Child 1.3 .

G 5.0E-04 Teen 3.6 | G-S 9.0E-02 Teen 4.9

6  2.0E-04 Adult 1.0 { G-S 5.0E-02 Adult 1.0
Th-230 G * Infant 33. | G-I * Infant 12.

¢ 5.0E-04 Child 2.5 | 6-I 2.8E-03 Child 1.3

6  5.0E-04 Teen 2.5 | G-I 3.6E-03 Teen 4.9

€  2.0E-04 Adult 1.0 : G-I 2.0E-03 Adult 1.0
Th-232 G *» Infant 24. |

G 5.0E-04 Child 2.2 |

G 5.0E~04 Teen 3.1 |

G  2.0E-04 Adult 1.0 |

1Bone is defined here as the marrow—free skeleton, and doses to bone
are defined as in NUREG/CR-150.

*f, changes from birth to age 1 year.




NRC age groups.

Inhalation case.

Table IV-5.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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NRC age groups.

Inhalation case.

(Continued) .

Table IV-35.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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NRC age groups.

Inhalation case.,

(Continued).

Table IV-5,

FROM RADIONUCLIDE INHALATION

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE)

-

LLY
WALL

ULI

STOMACH SIX

BONE

EFFEC- BLADDER -
ADRENALS WALL

TIVE

INTAKE
NUCLIDE MODE AMAD

KIDNEYS

WALL WALL

SURFACE BREAST WALL

BRAIN

AGE

Fi

-_ o

U v~ v e

SO
™~ N - -

BUVAO
« o e
0N v -

DO RO
e

o N v

oneo
o o e
~ -

NSO
N = -

TN B O
« o oo
Ll Rl o

DB DO
.

M~ N

oo
o o o

[ R g

INFANT

2.8E-0) CHILD

3.6E-01

TEEN

*
2,0E-01 ADULT

~NOO
R

W) v N e

Ve O
[ R )

[T X X
s s e
& N v v

Qmee
hNNﬁ

amoe
!\NNW

VOO
e ¢ o o
Ll B R

LR

F-QQQ
NNN‘-

Q!ﬂOO
BNN'-

NTOO
DN
™

1

INFANT
2.8E~-01 CHILD
3.6E-01 TEEN

*
2.0E-01 ADULT

~eMmO
. °
O v N =

vweo
e o o o
Do N N v

D ND
e o o o
[ B B o

a:sﬁsc
l\NNv-

- A R~
e o o
Lty B B o

[-- = N
o ®
NN

QEMQ
hNNv-

@Qﬁc
hNNv-

CIFMO
s e o
~ N0 v

INFANT

2.8E-01 CHILD

3.6B-01

*
TEEN
2.0E-0) ADULT

.0
0
0
0

-

W 5
W 5
W 5
W 5

95

eI OO
s 8 o @

O v oo o=

&
=R - -]
. »
o= O

[
0O
s v s o
N & oo

~
- Ra--B-4
o o s ®
N Q-

©
C-RR--X-1
s
N D e

PP NO
e o o
N o= w= oo

™~
RV O
3 e o
N D=

xR
OB~ 0O
N~ Q=

TFreMO

o
°
.

1KY N wo o=

INFANT
2.8E-01 CHILD
3.6E-01 TEEN

*
2.0E-01 ADULT

RO =S
. o

O o= o o=

&F
PONO
(LR~ R

-
NGO

e o e
"o e

M
NNBRD
« o s e
MO

(2]
NOAD
°

"o Qe

=
3 -]
. .

M= Qe

AT
° & 3 &

N = e om

=
NONO
e ¢ o e
Lo B~ I

=
NROD
.
o= O v

* INFANT
2.8E~01 CHILD

3.6E-01 TEEN
2.0E-01 ADULT

~ONO
e

) = wo o=

Lol B o -]
e o s e
LA B

OMNm™O
. o
- R o

N0

™ o= o= -

QN Q
o °
H N e

ONwQ
F N

OCN—~O
F N e -

* INFANT
2.8E-01 CHILD
3.6E-01 TEEN
2.0E-01 ADULT

0
0
0
0

°
°

W S
W 5
L 5
W 5

S
-X- N -]
« 5 o
[ R~ R

-
nNemo
s s e o
Lig It — g

-
DO
e s e e
A= -

-
L RN -]
o

™Mo

™D e O
o .

o N e o

-
0O
s @ e
L B ol — g

-
e B - - X -]
.

[ RN~ R

-
LBl -- X -]
e Ko - N

LoNe

[ M B o

* INFANT
5.0E-04 CHILD
5.0E-04 TEEN
2.0E-04 ADULT

3
3
3
3

°
.
-

W 0
W 0
W 0
W 0

TH-228

mNQO
mwo—-

-
DO
« s s o0
&) = Qe

<
DO
.
A O

Q
TR0
s ° o e
0 Qe

APV
o e .

[ B

<
TNV O
. o .
Lo I —

o
E RN
© s s e
[ R -1

)
DO
. .
- -

INFANT

*
5.0E-04 CHILD

5.0E-04 TEEN
2.0E-04 ADULT

-]
OO@Q
:v—cv—

o
PO D
LK K- K 3

-]
DO
.
N O v

o
FIr~OQ
MO e

o
INDO
.
N O e

INFANT

5.0E-04 CHILD
S.0E-04 TEEN

*

2.0E-04 ADULT

0
0
0
]
* F1 CHANGES FROM BIRTH TO AGE 1 YEAR

5.
5
5
5

TETETX




NRC age groups.

Inhalation case.

(Continued).

Table IV-§.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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NRC age groups.

Inhalation case.

(Continued).

Table IV-5.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATIONM
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NRC age groups.

Inhalation case.

Table IV-5. (Continued).

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION .
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NRC age groups.

Inhalation case.

{(Continued) .

Table IV-S5.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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NRC age groups.

Inhalation case.

(Continued).

Table IV-5.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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NRC age groups.

Inhalation case.

(Continued).

Table IV-5.
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NRC age groups.

Inhalation case.

(Continued).

Table IV-5.
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NRC age groups.

Inbalation case.

(Continuned).

Table IV-5,

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION

KIDNEYS

o R e o e e e e R e o e B e e o A ki B e S e B ot O o i e o i e i o e S b o S A o T e e HLe b i A S T W e e o T T T 4t o T e e S B0 e LA D e T S S 4 e e ot o A i e o S OO R B S B T S = T e o

u-238

LLY
WALL

ULI
WALL WALL

STOMACH SI

BONE
BRAIN SURFACE BREAST WALL

BLADDER

ADRENALS WALL

EFFEC-
TIVE

AGE

Fi

INTAKE
NUCLIDE MODE AMAD

MO
¢ o o »

N Mo

QO

N =

Mo

e o o &

N®) o o=

FMO
« e

N ™ e

FmMmo
« o

N e

% INFANT
7.0E-02 CHILD
9.0E-02 TEEN
5.,0E-02 ADULT

3
3
3
3

.
o
.

QOoeQ

INFANT

7.0B-02 CHILD
9.0E~-02 TEEN

FTNno

o ¢ 8 o

N o=

FTMNHO
s e »

NN = -

FMHO

s e » ©

LR o

*
5.0E-02 ADULT

NSO

tte s o s

(T2 e N ]

o s @

N o= oo

n:ano

e * o a8

)0 o o=

INFANT
7.0E-02 CHILD
9.0E-02 TEEN

*
5.0E-02 ADULT

0
.0
0
0

D 5
D 5
D 5
D S

omMmo
¢ o o o

-

o
s s o @

E- S I

Do

» o a6

& N o e

NS

- o
[--Roc i B od
”m

- ]
o e &
- B B R

oTre

e 4 o e

=N e

-2 — ]

a o a o

E G

13 INFANT
7.0E-02 CHILD
9.0E-02 TEEN
5.0E-02 ADULT

3
3
3
3

0
1]
0
0

2 3 2

Lo

W -

oo

« 2 o o

W o -

o

o o o

T B I g

INFANT
7.0E-02 CHILD
9.0E-02 TEEN

*
5.0E-02 ADULT

QWO
« o o

M-

O

B

[ -]

DN v =

N O

o ¢ o e

B M) -

~N o

e o o e

[N B oA

M Q
v 0o e o

™o () o=

~Nno
* s e e

e -

[ -]

o o & o

o ) o= g

Lac B 0 )

.
.
°

e I g

1

* INFANT
7.0E-02 CHILD
9.0E-02 TEEN
5.0E-02 ADULT

0
0
0
0

.

5
5
5
5

TXTEX

MO

BN -

AMe=O

°
E N -

AN O

+ o e »

DN

-0
o s

.
N K

DA~ O
“ e 4w

N -

INFANT
2.8E-03 CHILD
3.6E-03 TEEN

*
2,0E-03 ADULT

3
3
3
3

.
-

0
0
0
0

P e D

W=NO
TN -

ODNND
PR
[ R R o

TFON
¢ e & o

oM e -

MO0
o e n

D N v -

e
e o o )

T -Q
“ o s o

WY N o= o=

Ve o

o & o
- v

- -
© e o oo

N =

C-2 o -4
RS

WY N v

IO
RS

N v -

DMND

PN -

INFANT

2.8E~-03 CHILD
3.6E-03 TEEN

*
2.0E-03 ADULT

DO
.
O e -

™~ o N
e e« o o
BN v =

- - N3 )
R

[-- Ny Ko

VONO
WO N == e

INFANT

2.8E-03 CHILD
3.6E-03 TEEN

*

2.0E-03 ADULT

¥ F1 CHANGES FROM BIRTH TO AGE 1 YEAR




NRC age groups.

Inhalation case.

(Continued).

Table IV-5.

FIFTY-YEAR COMMITTED DOSE EQUIVALENT (NORMALIZED TO ADULT VALUE) FROM RADIONUCLIDE INHALATION
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Table IV-6. Inhalation case. NRC age groups. Dose to bome.?

Fifty-year committed dose equivalent (normalized to adult value).

|
R Nuclide Intake AMAD Age Bone | Nuclide Intake AMAD Age Bone
. mode 1 mode
Pb-210 D 0.3 Infant 0.91 i Ra-226 ¥ 0.3 Infant 2.6
D 0.3 Child 0.69 | v 0.3 Child 0.85
D 0.3 Tesn 1.7 I v 0.3 Teen 3.1
D 0.3 Adult 1.0 I v 0.3 Adault 1.0
D 1.0 Infant 0.97 { v 1.0 Infant 2.7
D 1.0 Child 0.71 l v 1.0 Child 0.85
D 1.0 Teen 1.7 I b 1.0 Teen 3.2
D 1.0 Adult 1.0 I v 1.0 Adult 1.0
D 5.0 Infant 1.1 : W §.0 Infant 3.0
D 5.0 Crnild 0.72 | v 5.0 Child 0.87
D 5.0 Teen 1.8 | v 5.0 Teen 3.4
D 5.0 Adult 1.0 | v 5.0 Adult 1.0
Po-210 D 0.3 Infant 24. { Ra-228 v 0.3 Infant 2.2
D 0.3 Child 3.4 | 0.3 Child 1.2
D 0.3 Teen 2.1 | W 0.3 Teen 2.4
: ‘ D 0.3 Adult 1.0 i v 0.3 Adult 1.0
D 1.0 Infant 25. } v 1.0 Infant 2.2
b D 1.0 Child 3.5 | w 1.0 Child 1.2
D 1.0 Teen 2.1 I v 1.0 Teen 2.6
D 1.0 Adult 1.0 | W 1.0 Adult 1.0
D 5.0 Infant 26. { v 5.0 Infant 2.2
D 5.0 Child 3.5 1 v 5.0 Child 1.1
D 5.0 Teen 2.2 I v 5.0 Teen 2.9
D 5.0 Adult 1.0 | W 5.0 Aduit 1.0
v 0.3 Infant 33. ;11*228 v 0.3 Infant 7.2
W 0.3 Child 3.8 | v 0.3 Child 3.0
v 0.3 Teen 2.4 | v 0.3 Teen 1.4
v 0.3 Adult 1.0 I W 0.3 Adult 1.0
v 1.0 Infant 36. ; W 1.0 Infant 7.4
v 1.0 Child 3.9 I v 1.0 Child 3.0
) W 1.0 Teen 2.5 | w 1.0 Teen 1.4
v 1.0 Adult 1.0 | v 1.0 Adult 1.0
- v 5.0 Infant 40. : v 5.0 Iafant 7.6
. v 5.0 Child 4.0 | w §.0 Child 3.0
v 5.0 Teen 2.7 W 5.0 Teen 1.4
v 5.0 Adult 1.0 v 5.0 Adult 1.0

iBone is defined here as the marrow—free skeleton, and doses to bone
are defined as in NUREG/CR-150.
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Table IV-6. (Continued). Inhalation case. NRC age groups. Bone.?

Fifty-year committed dose equivalent (normalized to adult value).

|
Nuclide Intake AMAD Age Bomne | Nuclide Intake Age Bone
mode | mode
/ -
Th—-228 Y 0.3 Infant 5.5 |Th—232 v 0.3 Infant 0.91
Y 0.3 Child 2.6 I L) 0.3 Child 0.89
Y 0.3 Teen 1.2 1 W 0.3 Teen 1.2
Y 0.3 Adult 1.0 I L) 0.3 Aduelt 1.0
Y 1.0 Infant 6.5 : v 1.0 Infant 0.92
Y 1.0 Crild 2.6 | v 1.0 Child 0.89
Y 1.0 Teen 1.3 i W 1.0 Teen 1.2
Y 1.0 Adult 1.0 l v 1.0 Adult 1.0
Y 5.0 Infant 9.3 ! v 5.0 Infant 0.93
Y 5.0 Child 2.9 I v 5.0 Child 0.89
Y 5.0 Teen 1.4 1 v 5.0 Teen 1.2
Y 5.0 Adult 1.0 1 v 5.0 Adult 1.0
Th-230 v 0.3 Iofant 1.2 } Y 0.3 Infant 0.99
v 0.3 Child 0.98 | Y 0.3 Child 0.96
| 0.3 Teen 1.0 | Y 0.3 Teen 1.0
v 0.3 Adult 1.0 i Y 0.3 Adult 1.0
W 1.0 Infant 1.2 } Y 1.0 Infant 1.0
v 1.0 Child 0.98 | Y 1.0 Child 0.96
v 1.0 Teen 1.0 | Y 1.0 Teen 1.0
v 1.0 Adult 1.0 l Y 1.0 Adult 1.0
W 5.0 Ianfant 1.2 { Y 5.0 Infant 1.1
v 5.0 Child 0.98 l Y 5.0 Child 0.94
W 5.0 Teen 1.0 | Y 5.0 Teen 1.1
b 5.0 Adult 1.0 I Y 5.0 Adult 1.0
Y 0.3 Infant 1.1 g
Y 0.3 Childa 0.97 i
Y 0.3 Teen 1.0 i
Y 0.3 Adult 1.0 i
Y 1.0 Iafant 1.1 }
Y 1.0 Child 0.97 I
Y 1.0 Teen 1.0 |
Y 1.0 Adult 1.0 1
Y 5.0 Infant 1.3 }
Y 5.0 Child 0.98 I
Y 5.0 Teen 1.0
Y 5.0 Adult 1.0

i1Bone is defined here as the marrow—free skeleton, and doses to bone
are defined as in NUREG/CR-150.
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Table IV-6. (Continued). Iphalation case. NRC age groups. Bone.?

Fifty-year committed dose equivalent (normalized to adult value).

[

|
Nuclide Intake Age Bone | Nuclide Intake AMAD Age Bone
> mode 1 mode
T - ‘ - PR e - e
0-234 D 0.3 Infant 4.3 'U-235 D 0.3 Infant 4.3
D 0.3 Child 0.96 1 D 0.3 Child 0.96
D 0.3 Teen 2.7 | D 0.3 Teen 2.7
D 0.3 Adult 1.0 I D 0.3 Aduit 1.0
|
D 1.0 Infant 4.4 l D 1.0 Infant 4.4
D 1.0 Child 0.96 i D 1.0 Child 0.96
D 1.0 Teen 2.8 i D 1.0 Teen 2.8
D 1.0 Adult 1.0 | D 1.0 Adult 1.0
|
D 5.0 Iafant 4.5 l D 5.0 Iafant 4.5
D 5.0 Child 0,97 | D 5.0 Child 0.97
D 5.0 Teen 2.8 1 D 5.0 Teen 2.8
D 5.0 Adult 1.0 i D 5.0 Adunlt 1.0
v 0.3 Infant 5.1 } W 0.3 Infant 5.1
v 0.3 Child 1.0 l W 0.3 Child 1.0
v 0.3 Teen 3.0 I w 0.3 Teen 3.0
= v 6.3 Adult 1.0 i W 0.3 Adult 1.0
. |
W 1.0 Ianfant 5.5 | W . 1.0 Infant 5.4
f v 1.0 Criléd 1.0 | v 1.0 Chrild 1.0
W 1.0 Teen 3.1 | v 1.0 Teen 3.1
v 1.0 Adult 1.0 1 ¥ 1.0 Aduit 1.0
|
v 5.0 Iafant 6.0 | v 5.0 Infant 6.0
¥ 5.0 Child 1.0 i v 5.0 Child 1.0
v 5.0 Teen 3.2 ] ¥ 5.0 Teen 3.2
b)) 5.0 Adult 1.0 | v 5.0 Adult 1.0
|
Y 0.3 Infant 1.9 | Y 0.3 Infant 1.9
Y 0.3 Child 1.4 | Y 0.3 Child 1.4
Y 0.3 Teen 1.7 | Y 0.3 Teen 1.7
Y 0.3 Adult 1.0 ] Y 0.3 Adult 1.0
|
Y 1.0 Infant 2.1 I Y 1.0 Ianfant 2.1
Y 1.0 Child 1.4 | Y 1.0 Child 1.4
N Y 1.0 Teen 1.8 I Y 1.0 Teen 1.8
Y 1.0 Adult 1.0 i Y 1.0 Adult 1.0
|
- Y 5.0 Infant 3.2 | Y 5.0 Iafant 3.2
7 Y 5.0 Child 1.2 | Y 5.0 Child 1.2
Y 5.0 Teen 2.2 Y 5.0 Teen 2.2
Y 5.0 Adult 1.0 Y 5.0 Adult 1.0

1Bone is defined here as the marrow—free skeleton, and
are defined as in NUREG/CR-150.

doses to bone




110

. Table IV-6. (Continuved). Inhalation case. NRC age groups. Bone.?

Fifty—year committed dose equivalent (normalized to adult value).

Nuclide Intake AMAD Age Bone
mode a -
U-238 D 0.3 Infant 4.3
D 0.3 Child 0.96
D 0.3 Teen 2.7
D 0.3 Adult 1.0
D 1.0 Infant 4.4
D 1.0 Child 0.96
D 1.0 Teen 2.8
D 1.0 Adult 1.0
D 5.0 Infant 4.5
D 5.0 Child 0.97
D 5.0 Teen 2.8
D 5.0 Adult 1.0
v 0.3 Infant 5.1
- v 0.3 Child 1.0
v 0.3 Teen 3.0
v 0.3 Adult 1.0 N
v 1.0 Infant 5.4
W 1.0 Child 1.0 .
v 1.0 Teen 3.1
v 1.0 Adult 1.0
w 5.0 Infant 6.0
v 5.0 Child 1.0
v 5.0 Teen 3.2
W 5.0 Adult 1.0
Y 0.3 Infant 1.9
Y 0.3 Child 1.4
Y 0.3 Teen 1.7
Y 0.3 Adult 1.0
Y 1.0 Infant 2.1
Y 1.0 Child 1.4
Y 1.0 Teen 1.8 -
Y 1.0 Adult 1.0
Y 5.0 Infant 3.2 -
Y 5.0 Child 1.3
Y 5.0 Teen 2.2
Y 5.0 Adult 1.0

1Bone is defined here as the marrow—free skeleton, and»doses to bomne
are defined as in NUREG/CR-150.
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